Context. Methyl cyanide is an important trace molecule in star-forming regions. It is one of the more common molecules used to derive kinetic temperatures in such sources. Aims. As preparatory work for Herschel, SOFIA, and in particular ALMA we want to improve the rest frequencies of the main as well as minor isotopologs of methyl cyanide. Methods. The laboratory rotational spectrum of methyl cyanide in natural isotopic composition has been recorded up to 1.63 THz. Results. Transitions with good signal-to-noise ratio could be identified for CH 3 CN, 13 CH 3 CN, CH Conclusions. The present data will be helpful to identify isotopologs of methyl cyanide in the higher frequency bands of instruments such as the recently launched Herschel satellite, the upcoming airplane mission SOFIA or the radio telescope array ALMA.
Introduction
Methyl cyanide, CH 3 CN, also known as acetonitrile, or cyanomethane, was among the early molecules to be detected by radio astronomical means. Solomon et al. (1971) detected it almost 40 years ago toward the massive star-forming regions Sagittarius A and B close to the Galactic center. It has been detected in dark clouds such as TMC-1 (Matthews & Sears 1983) , around the low-mass protostar IRAS 16293−2422 (Cazaux et al. 2003) , in the circumstellar shell of the famous carbon-rich star IRC +10216 (Agúndez et al. 2008) , in comets, such as Kohoutek (Ulich & Conklin 1974) , and in external galaxies (Mauersberger et al. 1991) . As a strongly prolate symmetric top, meaning A B, transitions with different K but the same J occur in fairly narrow frequency regions, but sample rather different energies. Therefore, CH 3 CN is quite commonly used to derive the kinetic temperatures of dense molecular clouds as already done in Solomon et al. (1971) or in e.g. Cummins et al. (1983) . In less dense clouds the large dipole moment of 3.922 D (Gadhi et al. 1979 ) may prevent thermal equilibration. In that case, the isoelectronic methyl acetylene, or propyne, CH 3 CCH, is often used instead.
The 12 C/ 13 C ratio in the vicinity of the Galactic center is approximately 20 (Wilson & Rood 1994; Müller et al. 2008) . Thus, it is not surprising that the two isotopomers containing 13 C were detected fairly soon after the detection of the main isotopolog. CH 13 3 CN (Cummins et al. 1983 ) was detected first probably by accident because the isotopic substitution at the central C-atom does not change the spectroscopic parameters much with respect to the main species. Sutton et al. (1985) detected lines of both isotopomers with one 13 C in a line survey of Orion. More recently, CH 2 DCN has been detected in two hot core sources (Gerin et al. 1992) , and some lines of CH 3 C 15 N were detected in a line survey of Sagittarius B2 (Nummelin et al. 1998) .
A plethora of high-resolution spectroscopic investigations have been performed on methyl cyanide. It was actually among the first molecules to be studied by microwave spectroscopy by Ring et al. (1947) . Cazzoli & Puzzarini (2006) reviewed the investigations for the main isotopic species and performed high resolution, high accuracy measurements up to 1.2 THz. Pearson & Müller (1996) analogously presented data up to 607 GHz for the singly substituted 13 C isotopomers as well as for the species with 15 N. Le Guennec et al. (1992) built on the very small data set for CH 2 DCN by measuring an isotopically enriched sample up to 471 GHz. Finally, there has been only one report on the isotopolog with two 13 C which was restricted to frequencies up to 72 GHz (Tam et al. 1988) .
We have measured rotational spectra of methyl cyanide in natural isotopic composition both in wide frequency windows as well as selected lines up to 1.63 THz to provide new or updated catalog entries for various isotopologs of methyl cyanide as well as for excited vibrational states. With rotational temperatures of CH 3 CN in hot cores reaching at least 150−200 K (Sutton et al. 1985; Belloche et al. 2009) , these data will be of great relevance for the Atacama Large Millimeter Array (ALMA). The main isotopolog and possibly even the 13 C isotopomers or the 8 = 1 excited vibrational state will be seen with the HIFI instrument (Heterodyne Instrument for the Far-Infrared) on board of the recently launched Herschel satellite or with SOFIA (Stratospheric Observatory For Infrared Astronomy). In the present article we provide the ground state rotational data obtained for six different isotopic species: CH 3 CN, 13 
Experimental details
Individual transitions have been recorded with the Cologne Terahertz Spectrometer (CTS) which has been described in detail by Winnewisser et al. (1994) . It uses broadband tunable, phase-locked backward-wave oscillators (BWOs) as powerful sources, and a magnetically tuned, liquid helium cooled hotelectron InSb bolometer as detector. In the present case, one BWO was used to record transitions between 249 and 340 GHz.
The pressure of methyl cyanide in the 3 m long absorption cell was around 0.3−0.5 Pa. The measurements were carried out in static mode, and the sample was pumped off and replaced about every half hour.
The accuracies with which lines can be measured with the CTS depend on the lines shape, mostly on how symmetric the line is, and on the signal-to-noise (S/N) ratio. Quite commonly, we reach relative accuracies of 10 −8 or even slightly better (Müller & Brünken 2005; Müller et al. 2007a Müller et al. , 2008 . Müller et al. (2000) have shown that similar accuracies can be achieved for the rare isotopolog SO 17 O in a rather dense spectrum. The lines recorded for 13 CH 3 CN, CH 13 3 CN, and CH 3 C 15 N had very good S/N ratios and line shapes. Thus, the uncertainties were judged to be ≤10 kHz. The lines of CH 2 DCN and 13 CH 13 3 CN were considerably weaker such that uncertainties of up to 30 kHz were assigned.
The majority of the data has been extracted from broad frequency scans taken with the JPL cascaded multiplier spectrometer (Drouin et al. 2005) . Generally, radiation of a multiplier chain source is passed through a 1−2 m pathlength flow cell and is detected by a silicon bolometer cooled to near 1.7 K. The cell is filled with a steady flow of reagent grade acetonitrile and the pressure and modulation are optimized to enable good S/N ratios with narrow lineshapes. With a gas with very strong transitions, such as the K < 7 transitions of the main isotopolog of acetonitrile, the S/N ratio was optimized for a higher-K transition (e.g. K = 12) such that the lower K transitions exhibit saturated line profiles. This procedure enables better dynamic range for the extraction of line positions for rare isotopologs and highly excited vibrational satellites. The frequency ranges covered were 440−540, 619−631, 638−648, 770−855, 875−930, 967−1050, 1083−1093, 1100−1159, 1168−1198, 1576−1591, and 1614−1627 GHz. Most of these multiplier sources were previously described (Drouin et al. 2005) . However, the multiplier chain with frequency range coverage between 967−1050 GHz was not described in that work. This chain consists of two cascaded triplers after the amplified W-band stage, the peak output power is near 100 μW. The efficiency of frequency multipliers usually changes strongly with frequency. In addition, recording conditions and sensitivities of detectors can have strong influences on the quality of the spectra. Particularly good S/N ratios were reached around 630, 900 and around 1100−1200 GHz. The spectra around 500 and around 800 GHz had poorer S/N ratios.
In addition, the S/N ratios changed considerably within each scan and were usually lower towards the ends. Uncertainties of 50 kHz were assigned to isolated lines with good to very good S/N ratios throughout the frequency regions. Larger uncertainties were assigned to weaker lines or lines which were not isolated. In the course of the analysis it was observed that several strong lines had residuals considerably smaller than 50 kHz. Thus, smaller uncertainties, down to 20 kHz, were assigned to very strong lines, depending on the symmetry of the line shape.
Analysis and discussion
The previously available data set will be described in the following for each isotopolog individually, with the exception of the two singly substituted 13 C species because the latter had almost always been investigated together. The extent of lines added in the course of the present work will be given also.
The main isotopolog of methyl cyanide as well as all other ones investigated in the present work are strongly prolate symmetric rotors having C 3v symmetry, except for CH 2 DCN. Spinstatistics have to be taken into account for the symmetric rotor isotopologs. Levels having K = 3n ±1 belong to the E symmetry class whereas levels having K = 3n belong to the A symmetry class; n ≥ 0 in all instances. The spin-statistical weight of A symmetry levels with K > 0 is twice that of K = 0 and all E symmetry levels.
The observed transitions all obey the ΔK = 0 selection rule thus their positions are unaffected by the purely K-dependent parameters. However, these parameters are not negligible as they affect the intensities of the ΔK = 0 transitions due to their contribution to the energies of the rotational levels.
In a strongly prolate molecule, such as methyl cyanide, ΔK = 3 transitions only gain intensity through centrifugal distortion effects; they were too weak to be identified unambigously in the present work. Because of this, the purely K-dependent parameters A, D K , etc. are usually not determinable for such molecules by means of rotational spectroscopy.
The dipole moment has been measured both for CH 3 CN (Gadhi et al. 1979) and CH 3 C 15 N (Mito et al. 1984) . Isotopic differences in the dipole moments are expected to be small for the symmetric top species. In the case of CH 3 C 15 N, a value was obtained that deviated barely significantly (3.9256 (7) D) from the value for the main isotopolog (3.92197 (13) D).
CH 2 DCN is the only asymmetric top rotor among the isotopologs dealt with in the present article. It only has C S symmetry, therefore, no spin-statistics have to be considered, in contrast to what was assumed in Gerin et al. (1992) . The asymmetry parameter κ = (2B − A −C)/(A −C) is −0.9973, expectedly close to the prolate symmetric top limit of −1. The small rotation of the inertial axis system caused by the substitution of one H atom by D gives rise to a small b-dipole moment component of ∼0.17 D. ΔK a and ΔK c have to be odd for b-type transitions. However, most of the previously observed and all of the new transitions are a-type transitions with ΔK a = 0 and ΔK c = 1. Transitions having ΔK a = 2 are allowed also, but are very weak for asymmetric molecules close to the prolate symmetric limit. Cazzoli & Puzzarini (2006) carried out extensive high resolution, high accuracy measurements on CH 3 CN up to 1.2 THz. Their data set also included data from Kukolich et al. (1973) ; Kukolich (1982) ; Boucher et al. (1977) below 74 GHz. Šimečková et al. (2004) pointed to an interaction between = 0, K = 14 and the lowest excited, doubly degenerate 8 = 1 bending mode at K = 12 in the lower energy l = +1 component causing non-negligible shifts between J ≈ 36 and 48. However, they were only able to perform a preliminary analysis because they only observed J = 38 and 39 of = 0. A more complete analysis has been presented by Müller et al. (2007b) ; a manuscript on this work, involving extensive rotational and rovibrational data for states with 8 ≤ 2, is in preparation. The perturbation is negligible for all but the small number of = 0, K = 14 transitions. Thus, in the present analysis, the perturbed transitions were omitted from the final fit. No evidence for perturbations was found in the rotational spectra of the less abundant isotopologs. 37 lines have been detected around 1.6 THz covering J = 86 to 88 with K up to 15. These data are given in Table 1 together with their assignments, uncertainties, and the residuals between measured frequencies and those calculated from the final spectroscopic parameters. They have been fit together with previous data mentioned above which extended to K = 21 and J = 64. Also included in the fits were the ΔK = 3 ground state energy differences from Anttila et al. (1993) in order to determine the purely K-dependent terms A and D K . Tunable far-infrared data from Pavone et al. (1990) were omitted from the final fits because trial fits with these data included showed their effect on the spectroscopic parameters to be negligible.
CH 3 CN
The considerable extension of the data set in J required two additional higher order parameters to be included in the fit, the decic centrifugal distortion parameters P JK and P JJK , as shown in Table 2 . On the other hand, the centrifugal distortion correction term eQq J has been omitted from the final fit because it was not significantly determined, (31 ± 15) Hz, and because it may still be too large in magnitude even though the absolute value in Cazzoli & Puzzarini (2006) was more than one order of magnitude smaller than that in Šimečková et al. (2004) . If one assumes the ratio of −D J /B to be a good estimate for the ratio of eQq J /eQq then the eQq J value in Cazzoli & Puzzarini (2006) is about one order of magnitude too large, but has presumably the correct (positive) sign; Šimečková et al. (2004) determined a negative value. As the hyperfine parameters and the lower order distortion terms are mostly determined by the data published by Cazzoli & Puzzarini (2006) it is not surprising that there is a good agreement between the parameter values and uncertainties determined both in that study as well as in the present work. The increase in J in the present study causes the purely J-dependent terms (B, ..., L J ) to be improved in accuracy despite the additional centrifugal distortion terms.
The purely K-dependent terms A and D K are determined in the present study entirely by the ΔK = 3 ground state energy differences from Anttila et al. (1993) . Thus, good agreement is not surprising. Trial fits with H K released yielded a value of (155 ± 102) Hz as in Anttila et al. (1993) . Judging by the D K /A ratio, it is too large by about a factor of 3. Moreover, the parameter has not been determined with significance. Therefore, H K was fixed in the present analysis to a value derived from the D K /A ratio. Current results from the more extended analysis (Müller et al. 2007b ) are in support of this value.
The weighted standard deviation of the fit is 0.906, indicating that the data have been reproduced within experimental uncertainties on average. The corresponding value for only the new transition frequencies is 0.670, suggesting the estimates of the uncertainties to be slightly too conservative.
3.2.
13 CH 3 CN and CH 13 3 CN The data set of Pearson & Müller (1996) contained besides their new measurements of the rotational spectra for the two singly substituted 13 C isotopomers data from Demaison et al. (1979) for both species, covering 71−184 GHz as well as data for the J = 2−1 transitions for CH 13 3 CN from Kukolich (1982) . The terrestrial 12 C/ 13 C ratio is about 90. Hence, transitions of these species were easily observable in samples of natural isotopic composition, see Fig. 1 . It is worthwhile mentioning that transitions of the main isotopolog in excited vibrational states 8 = 1 and 2 and 4 = 1 having the same K are about as strong or even stronger at room temperature than the transitions of the 13 C isotopomers. 262 and 244 transitions were used in the final fits of 13 CH 3 CN and CH 13 3 CN from the broad spectral recordings. J Fig. 1 . Section of the submillimeter spectrum of CH 3 CN. Transitions of CH 3 C 15 N have been labeled with their K quantum numbers. K = 3 and 6 appear stronger than expected because of the spin-statistics, see Sect. 3. Also labeled are K = 10 and 9 of 13 CH 3 CN by ×-signs, K = 9 and 8 of CH 13 3 CN by plus-signs, K = 9 of CH 2 DCN by an inverted triangle, and k = −15 and +17 of CH 3 CN, 8 = 1 by heartsymbols. The strong, clipped line in the center of the figure is due to K = 10 of CH 3 CN, = 0. The remaining unlabeled transitions have not been assigned thus far. K = 10 of CH 2 DCN as well as three transitions of 13 CH 13 3 CN are too weak to be recognized on this scale. The lines appear as second derivatives of a Gaussian line-shape because of the 2 f -modulation.
was extended to 66 and 64, respectively, near 1.2 THz and K reached 16 and 15, respectively. Some transitions were even identified near 1.6 THz, but they were too few and of too poor S/N to have a signifant impact on the data sets. The weighted standard deviation for the lines measured at JPL are 0.854 and 0.875, respectively, indicating essentially appropriate error estimates on average.
Only five transions each were recorded in Cologne for 13 CH 3 CN and CH 13 3 CN at J = 18 and 16, respectively, and K = 0−3 and 6 in order to improve some of the low order spectroscopic parameters. Only in the process of preparing the manuscript was it noted that the residuals between measured frequencies and those calculated from the final set of spectroscopic parameters were considerably smaller than the assumed uncertainties of 3 kHz. In fact, when these transitions were weighted out the average residuals were only 1.9 and 1.5 kHz, respectively. Therefore, uncertainties of 1 kHz were assigned to these transitions. The resulting weighted standard deviations were then 0.303 and 0.571, respectively. This may indicate still too conservative error estimates, but because of the small number of lines which have much smaller uncertainties than most of the transition frequencies such small weighted standard deviations may not mean much.
The present and previous data were fit together to determine spectroscopic parameters for both isotopomers. Higher order parameters which could not be determined reliably were fixed to values derived from the main isotopic species by scaling the parameters with appropriate powers of B and taking into consideration deviations from this estimate for related lower order parameters. The results are also given in Table 2 . The newly measured transition frequencies are given in Tables 4 and 5 together with their assignments, uncertainties, and the residuals between measured frequencies and those calculated from the final spectroscopic parameters.
The rotational and centrifugal distortion parameters have been improved considerably with respect to Pearson & Müller (1996) while the values for eQq are determined entirely from data used in that work. The weighted standard deviations for the whole fits are slightly below 1.0.
CH 3 C
15 N & Müller (1996) had in their data set transitions from Bauer et al. (1975) covering 35−143 GHz and from Demaison et al. (1979) covering 214−232 GHz besides their own measurements. In the present fits we have used the J = 1−0 transition frequency from Haekel & Mäder (1989) . The terrestrial 14 N/ 15 N ratio is about 270, just a factor of three larger than the terrestrial 12 C/ 13 C ratio. Thus, transitions of this isotopolog were still quite easily observable in samples of natural isotopic composition, see Fig. 1 . Eight transitions, K = 0−6 and 12 for J = 18 were recorded in Cologne. Additionally, 210 transition frequencies were extracted from the spectra recorded at JPL which extend to J = 66 near 1.2 THz and to K = 14.
Pearson
The present and previous data were fit together to determine spectroscopic parameters. As in Sect 3.2, higher order parameters were estimated and kept fixed. The spectroscopic parameters are given in Table 2 , too. The newly measured transition frequencies are given in Table 6 together with their assignments, uncertainties, and the residuals between measured frequencies and those calculated from the final spectroscopic parameters.
The overall weighted standard deviation is 0.692, and the corresponding values for the transitions recorded in Cologne and at JPL are 0.833 and 0.716.
CH 2 DCN
Le Guennec et al. (1992) presented extensive measurements of the singly deuterated methyl cyanide molecule between 116 and 471 GHz. They were able to observe several of the very weak btype transitions because they employed an isotopically enriched sample. Their data set also included three J = 2−1 transitions from Thomas et al. (1955) .
With transitions of CH 3 C 15 N identified almost as frequently as the singly substituted 13 C species it seemed promising to detect CH 2 DCN in samples of natural isotopic composition. The terrestrial H/D ratio is about 6400. The presence of three equivalent H atoms decreases the H/D ratio by three, the resolved K-doubling for low K ≥ 1 increases it again by two, and the omission of spin-statistics complicates the situation even more. Altogether, the lines of CH 2 DCN are around one order of magnitude weaker than the lines of CH 3 C 15 N. 10 lines of 16 transitions with J = 15−18 and K ≤ 10 were recorded in Cologne. 109 lines of 152 transitions with J ≤ 68 and K ≤ 11 were extracted from the spectra taken at JPL. With increasing values of J in the fit it was increasingly difficult to fit the data within experimental uncertainties. It turned out that omission of one of the two very weak K = 2 ↔ 1 transitions reported by Le Guennec et al. (1992) yielded satisfactory fits. Moreover, if one of these transitions was weighted out it appeared as if a 1 MHz typographical error may have occured for the other transition. Since the authors of this work did not have the spectra at their disposal and thus were unable to clarify this issue we decided to omit both K = 2 ↔ 1 transitions from the fit. Without these transitions, D K could not be determined reliably. Therefore, its value has been estimated by scaling values from ab initio calculations by the ratios of experimental versus ab initio values for CH 3 CN (Table 2) and CHD 2 CN (Halonen & Mills 1978) . The value of 1.97 MHz is slightly bigger than the 1.83 MHz obtained in Le Guennec et al. (1992) . H K was estimated as D 2 K /A as done for CH 3 CN, see Sect. 3.1. The resulting spectroscopic parameters are given in Table 3 . The newly measured transition frequencies are given in Table 7 , toward the end of the manuscript, together with their assignments, uncertainties, and the residuals between measured frequencies and those calculated from the final spectroscopic parameters.
The weighted standard deviation for the whole fit is 0.740, for the Cologne and JPL lines it is 0.533 and 0.792, respectively. In particular the uncertainties of the Cologne lines have been estimated somewhat too conservatively.
3.5.
13 CH 13 3
CN
With even a considerable number of transitions assigned for CH 2 DCN it seemed promising to assign transitions of the doubly substituted 13 C isotopolog, as the lines are weaker by only about a factor of two. This species should be observable fairly readily in Galactic center sources because of the 12 C/ 13 C ratio of about 20 in these sources (Wilson & Rood 1994; Müller et al. 2008) . Hence, lines of the doubly substituted 13 C isotopolog should be only slightly weaker than those of CH 3 C 15 N. In fact, inspection of the 3 mm line survey of Sagittarius B2(N) obtained with the IRAM 30 m telecope (Belloche, private communication, 2008 ; see also Belloche et al. 2009; Müller et al. 2008 ) revealed that several 13 CH 13 3 CN lines should have S/N ratios of greater than three. However, all lines were overlapped by stronger lines, frequently belonging to the much stronger 13 CH 3 CN which has fairly similar spectroscopic parameters. At higher frequencies, this overlap will be less severe. Tam et al. (1988) had reported some transition frequencies for this isotopolog up to 72 GHz. Inspection of the broad spectral recordings however failed to produce any even tentative assignments. Subsequently, all spectroscopic parameters were estimated from the isotopologs with no or only one 13 C, and only B was determined. Still, no assignments could be made. The search for transitions of 13 CH 13 3 CN was the main reason for the measurements in Cologne. Several tentative assignments could be made near 321 GHz. All of these transitions were about 2.8 MHz higher than predicted, suggesting the assumptions of the centrifugal distortion parameters to be good, but the B value to be slightly too small.
With an abundance almost four orders of magnitude smaller than that of the main isotopolog, there are ample chances for overlap. Not only are there many vibrational states of the main isotopolog up to 2000 cm −1 which are about as strong or even stronger, but also transitions up to 4 = 1 of the 13 C isotopomers, or up to 8 = 1 of the 15 N species are about as strong. In addition, many additional species are only slightly weaker, including those of the isotopomers with 15 N and one 13 C. Even though the rotational spectrum of methyl cyanide is very sparse at the level of the strongest lines of the main isotopolog it is very rich at the level of the 13 CH 13 3 CN lines, as can be seen in Fig. 2 . Only the marked lines belonging to this isotopolog can be assigned unambiguously in this recording. One of the weaker lines may be due to a high-K, 8 = 1 line of 13 CH 3 CN, but because of perturbations by 8 = 2, the exact position of this transition is not certain. All other lines can not be assigned at present.
Altogether, 21 transitions with J = 13−18 and K ≤ 6 were recorded in Cologne. Subsequently, 34 transition with J = 25−63 and K ≤ 9 could be identified in the spectra taken at JPL. The data from Tam et al. (1988) were omitted from the final fits Frequency /MHz because their large uncertainties cause negligible effects on the spectroscopic parameters. Five parameters up to sixth order could be determined with significance; several other were kept fixed to estimated values as done further above (see Sect. 3.2) . Again, the spectroscopic parameters are listed in Table 2 . The measured transition frequencies are given in Table 8 , toward the end of the manuscript, together with their assignments, uncertainties, and the residuals between measured frequencies and those calculated from the final spectroscopic parameters.
The weighted standard deviation of the fit is 0.635. It is 0.719 and 0.577 for the data from Cologne and JPL, respectively. The somewhat conservative error estimates can be justified by the possibility that some of the lines may still be affected by overlap to a non-negligible amount. However, the moderately large size of the data set should ensure that such effects are small.
Conclusion
Rotational transitions for six astrophysically and astrochemically important isotopologs of methyl cyanide in their ground vibrational states have been recorded and the existing data sets 
